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Cosmological observations and thedynamics of theMilkyWayprovide ample evidence for an invisible and
dominant mass component. This so-called dark matter could be made of new, colour and charge neutral
particles, which were non-relativistic when they decoupled from ordinary matter in the early universe.
Such weakly interacting massive particles (WIMPs) are predicted to have a non-zero coupling to baryons
and could be detected via their collisions with atomic nuclei in ultra-low background, deep underground
detectors. Among these, detectors based on liquefied noble gases have demonstrated tremendous discov-
ery potential over the last decade. After briefly introducing the phenomenology of direct dark matter de-
tection, Iwill review themainproperties of liquefied argon andxenon asWIMP targets anddiscuss sources
of background. I will then describe existing and planned argon and xenon detectors that employ the so-
called single- and dual-phase detection techniques, addressing their complementarity and science reach.
© 2014 The Author. Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).l1. Introduction
The motivation to build detectors that can directly detect par-
ticle dark matter in the laboratory comes from our current un-
derstanding of the observable universe. Cosmological observations
ranging from the measured abundance of primordial elements
to the precise mapping of anisotropies in the cosmic microwave
background, to the study of the distribution of matter on galactic,
extragalactic and the largest observed scales, to observations of
high-redshift supernovae, have led to a so-called standard model
of cosmology. In this model, our universe is spatially flat and com-
posed of∼5% atoms,∼27% dark matter and∼68% dark energy [1].
Understanding the nature of dark matter poses a significant chal-
lenge to astroparticle and particle physics, for its solution may in-
volve new particles with masses and cross sections characteristic
of the electroweak scale. Such weakly interactive massive parti-
cles (WIMPs), which would have been in thermal equilibriumwith
quarks and leptons in the hot early universe, and decoupled when
they were non-relativistic, represent a generic class of dark mat-
ter candidates [2]. Concrete examples are the lightest superpartner
in supersymmetry with R-parity conservation [3], and the light-
est Kaluza–Klein particle, for instance the first excitation of the
hypercharge gauge boson, in theories with universal extra dimen-
sions [4]. Perhaps themost intriguing aspect of theWIMP hypothe-
sis is the fact that it is testable by experiment. WIMPs with masses
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0/).around the TeV scale are within reach of high-energy colliders
and of direct and indirect dark matter searches [5]. Axions and
axion-like particles (ALPs), produced non-thermally in the early
universe, represent another class of well-motivated dark matter
candidates [6]. They can be searched for by exploiting their pre-
dicted couplings to photons and electrons, where the most suc-
cessful technique to search for dark matter axions is the so-called
axion haloscope, that relies on the axion to two-photon coupling
[7,8]. In this review I will focus on the search for WIMPs with low-
background detectors operated underground.
2. Direct detection of WIMPs
Dark matter particles might be detected via their elastic col-
lisions with atomic nuclei in earthbound, low-background detec-
tors [9]. The differential rate for elastic scattering can be expressed
as [10]:
dR
dER
= NT ρdmmW
 vmax
vmin
dv⃗ f (v⃗) v
dσ
dER
(1)
where NT is the number of target nuclei, ρdm is the local dark
matter density in the galactic halo, mW is the WIMP mass, v⃗ and
f (v⃗) are the WIMP velocity and velocity distribution function in
the Earth frame and dσ/dER is theWIMP–nucleus differential cross
section. The nuclear recoil energy is ER = m2r v2(1 − cos θ)/mN ,
where θ is the scattering angle in the centre-of-mass frame, mN
is the nuclear mass and mr is the reduced mass. The minimum
velocity is defined as vmin = (mNEth/2m2r )
1
2 , where Eth is the
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L. Baudis / Physics of the Dark Universe 4 (2014) 50–59 51Fig. 1. (Left) Differential nuclear recoil spectra as a function of recoil energy for scattering off 129Xe and 131Xe. Both elastic and inelastic recoil spectra are shown for
comparison, the bands include the uncertainties due to WIMP–nucleon currents. (Right) Integrated energy spectra of xenon for elastic and inelastic, spin-dependent
scattering. The inelastic contributions dominate over the elastic ones formoderate energy thresholds. AWIMPmass of 100GeV, and aWIMP–nucleon cross section 10−40 cm2
are assumed.
Source: Figure from [21].energy threshold of the detector, and vmax is the escape veloc-
ity in the Earth frame. The simplest galactic model assumes a
Maxwell–Boltzmann distribution for the WIMP velocity in the
galactic rest frame, with a velocity dispersion of σ ≈ 270 km s−1
and an escape velocity of vesc ≈ 544 km s−1 [11,12]. For direct
detection experiments, the mass density and velocity distribu-
tion at a radius around 8 kpc are most relevant. State of the art,
dark-matter-only cosmological simulations of Milky Way-like ha-
los find that the dark matter mass distribution at the solar position
is smooth, with substructures being far away from the Sun. The lo-
cal velocity distribution of dark matter particles is likewise found
to be smooth, and close to Maxwellian [13]. The efforts to mea-
sure the mean density of dark matter near our Sun are extensively
reviewed in [14]: the Milky Way seems to be consistent with fea-
turing a spherical dark matter halo with little flattening in the disc
plane, and ρdm = 0.2–0.56 GeV cm−3 [14]. The largest source of
uncertainty in ρdm comes from the baryonic contribution to the lo-
cal dynamical mass.
The differential cross section for elastic scattering is tradition-
ally split into two leading components: an effective scalar cou-
pling between the WIMP and the mass of the nucleus and an
effective coupling between the spin of the WIMP and the total
angular momentum of the nucleus. In general, the coherent part
dominates the interaction (depending however on the characteris-
tics and composition of the dark matter particle) for target masses
with A ≥ 30 [3]. The total cross section is the sum of both contri-
butions dσdER ∝ σ 0SIF 2SI(ER) + σ 0SDF 2SD(ER), where σ 0SI,SD are the spin-
independent (SI) and spin-dependent (SD) cross sections in the
limit of zeromomentum transfer and F 2SI,SD(ER) denotes the nuclear
form factors, expressed as a function of the recoil energy. These be-
come significant at large WIMP and nucleus masses, leading to a
suppression of the differential scattering rate at higher recoil ener-
gies. State-of-the art shell-model calculations for spin-dependent
scattering were recently performed for most non-zero spin nuclei
of interest in direct searches [15,16]. In addition, in these new cal-
culations the WIMP–nucleus currents are based on chiral effec-
tive field theory at the one-body level, and also include the leading
long-range two-body currents.
Recently, more general treatments of the WIMP–nucleon cross
section in non-relativistic, effective field theory approaches
[17–20], identify a full set of operators that describe the potential
interactions of darkmatter particles, and relate these to nuclear re-
sponse functions. These are of great interest because, in principle,
more information can be extracted from direct detection experi-
ments in case of a signal detection, assuming a certain variety of
targets is employed in the search.Spin-dependent inelastic scattering offers an additional and
complementary detection channel, in particular in nucleiwith low-
lying excited states in the energy range 10–100 keV. The exper-
imental signature is a nuclear recoil together with the prompt
de-excitation photon, boosting the region of interest to higher
energies. Structure functions for inelastic WIMP–nucleus scatter-
ing are calculated in [21], showing that for momentum transfers
around 150 MeV, the inelastic channel is comparable to, or can
even dominate the elastic one. As an example, Fig. 1 shows the dif-
ferential recoil spectra for inelastic and elastic scattering off 129Xe
and 131Xe (left), as well as the integrated inelastic and elastic rates
(right), for 100 GeV WIMP with a WIMP–nucleon cross section of
10−40 cm2 [21].
3. Backgrounds
A continuous challenge for direct dark matter search experi-
ments is to minimize and accurately characterize the background
noise. Some of the main background sources are the environ-
mental radioactivity including airborne radon and its daughters,
radio-impurities in the detector construction and shield material,
neutrons from (α, n) and fission reactions, cosmic rays and their
secondaries, and activation of detector materials during exposure
at the Earth’s surface [22]. Background sources intrinsic to the
detector materials, muon-induced high-energy neutrons and ulti-
mately neutrinos start to play an increasingly important role al-
ready for the current generation of detectors.
In the past, a combination of low-Z and high-Z materials were
employed to diminish the neutron and gamma fluxes coming from
the laboratory walls and outer shield layers, and shield structures
were kept under a N2-atmosphere at slight overpressure to sup-
press the background from airborne radon decays and subsequent
210Pb plate-out. Detectors recently constructed or planned for the
future increasingly use large water shields, which passively reduce
the environmental radioactivity and muon-induced neutrons, and
act as an active muon veto. Typical underground gamma and ra-
diogenic neutron fluxes of 0.3 cm−2 s−1 and 9 × 10−7 cm−2 s−1,
respectively [23] are reduced by a factor of 106 after 3 and 1 m of
water shield [24].
Critical are interaction from (α, n)- and fission neutrons from
238U and 232Th decays in detector components close to the dark
matter target materials. The neutron energy spectra and yields
are calculated using the exact composition of these materials
and the measured amount of 238U and 232Th in each component.
Because often secular equilibrium in the primordial decay chains
is lost in processed materials, the 238U and 232Th activities are
52 L. Baudis / Physics of the Dark Universe 4 (2014) 50–59Fig. 2. (Left) Summed differential energy spectrum for pp and 7Be neutrinos (red) in a LXe detector. The electron recoil spectrum from the double beta decay of 136Xe (blue),
as well as the expected nuclear recoil spectrum fromWIMP scatters for a spin-independent WIMP–nucleon cross section of 2× 10−47 cm2 (solid black) and 2× 10−48 cm2
(dashed black) andWIMPmasses of 100 and 40 GeV/c2 is also shown. A 99.5% discrimination of electronic recoils is assumed. (Right): The differential nuclear recoil spectrum
from coherent scattering of neutrinos (red) from the Sun, the diffuse supernova background (DSNB), and the atmosphere (atm), compared to the one from WIMPs for
various masses and cross sections (black). The coherent scattering rate will provide an irreducible background for low-mass WIMPs, limiting the cross section sensitivity to
∼4×10−45 cm2 forWIMPs of 6 GeV/c2 mass, whileWIMPmasses above∼10 GeV/c2 will be significantly less affected. For both plots, the nuclear recoil signals are converted
to an electronic recoil scale (see [27]) and a nuclear recoil acceptance of 50% is assumed. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
Source: Figure from [27].typically determined via mass spectrometry or neutron activation
analysis, while the activities of the late part of these chains,
226Ra, 228Ac, 228Th, are determined via gamma spectrometry using
ultra-low background HPGe detectors [25]. The neutrons are
then transported using Monte Carlo simulations to evaluate the
expected number of single-scatter nuclear recoils, which might be
difficult to distinguish from a potential WIMP signal [26].
In liquefied noble gas detectors, sources of radioactivity intrin-
sic to the WIMP target materials such as 39Ar, 85Kr and radon dif-
fusion provide challenging backgrounds for current and possibly
future detectors. For instance, impurity levels of∼1 ppt in natural
krypton and∼1 µ Bq/kg radon must be achieved by ton-scale ex-
periments aiming to probe WIMP–nucleon cross sections down to
10−47 cm2, with typical expected background rates from external
sources below 1 event per ton of target material and year.
The ultimate background source might be provided by the ir-
reducible neutrino flux. Solar pp-neutrinos will contribute to the
electronic recoil background via neutrino–electron scattering at
the level of ∼10–25 events/(ton × year) in the low-energy, dark
matter signal region of a typical detector. Depending on the detec-
tor’s discrimination capabilities between electronic andnuclear re-
coils, solar pp-neutrinos may thus become a relevant background
at cross sections <10−48 cm2. Neutrino-induced nuclear recoils
from coherent neutrino–nucleus scatters cannot be distinguished
from a WIMP-induced signal. The 8B solar neutrinos yield up to
103 events/(ton× year) for heavy targets such as xenon [28], how-
ever most of these events are below the energy thresholds of cur-
rent and likely also future noble liquid detectors. Nuclear recoils
from atmospheric neutrinos and the diffuse supernovae neutrino
background will yield event rates in the range 1–5 events/(100 ton
× year), depending on the target material, and hence will dom-
inate measured spectra at a WIMP–nucleon cross section below
10−49 cm2 [28–31,27]. Fig. 2 shows the expected background
spectrum from pp and 7Be solar neutrinos (left), as well as from
coherent scattering of solar, atmospheric and diffuse supernova
background neutrinos (right) in a detector using xenon as target
material. Also shown are predictedWIMP-induced differential nu-
clear recoil spectra for various WIMP masses and cross sections.
The underlying assumptions are detailed in the figure caption, and
in [27].
4. Liquefied noble gases as WIMP targets
From all noble elements, only argon and xenon are currently
used as targets for darkmatter detection. Neon has been suggestedas a medium for low-energy neutrino detection, and could po-
tentially be employed in the search for WIMPs [32]. In their liq-
uid phase, noble elements are excellent media for building large,
homogeneous, compact and self-shielding detectors. Liquid xenon
(LXe) and liquid argon (LAr) are excellent scintillators and good
ionizers in response to the passage of radiation. The simultaneous
detection of ionization and scintillation signals allows to identify
the primaryparticle interacting in the liquid, for the ratio of the two
observables depends on dE/dx. In addition, the 3Dposition of an in-
teraction can be determined with sub-mm (in the z-coordinate) to
mm (in the x–y-coordinate) precisions in a time projection cham-
ber (TPC). These features, together with the relative ease of scale-
up to large detector masses, have contributed to make LXe and LAr
powerful targets for WIMP searches [33,34].
Table 1 summarizes the physical properties of argon and xenon.
Their atomic number, density, boiling point temperature, dielectric
constant, abundance in the atmosphere and intrinsic radioactive
isotopes determine practical aspects of a dark matter detector.
Xenon is heavier and its high liquid density helps to design
a compact detector geometry with efficient self-shielding. Its
fraction in the atmosphere is very low, making it more expensive
than natural argon. Xenon does not contain radioactive isotopes,
apart from the double beta emitter 136Xe, with a half-life recently
measured to be (2.165± 0.016± 0.059)×1021 yr [35].
Atmospheric argon contains the radioactive 39Ar, with a mea-
sured ratio of 39Ar to 40Ar of 8.1× 10−16 g/g, resulting in a specific
activity of 39Ar of 1 Bq/kg [36]. Its production by cosmic ray induced
reactions is dominated by the process 40Ar(n,2n)39Ar, which has an
energy threshold around 1 MeV. This increases the effective costs
of argon for large dark matter detectors, since depletion in 39Ar
by isotopic separation or by extraction from underground wells is
necessary. Depletion factors of larger than 100 have been achieved
by using argon extracted from underground gas wells [37]. An an-
thropogenic radioactive isotope present in noble liquids extracted
from air is 85Kr. Currently achieved natKr-levels after purification
using krypton-distillation columns are (1.0± 0.2) ppt [38] (with a
detection limit by gas chromatography and mass spectrometry of
0.008ppt), (3.5±1.0) ppt [39] and<2.7 ppt [40]. Levels of∼0.1 ppt
will be necessary for an ultimate noble liquid dark matter detector
[27].
The energy loss of an incident particle in noble liquids is shared
between ionization, excitation and sub-excitation electrons liber-
ated in the ionization process. The average energy loss in ionization
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Physical properties, volume fraction in the atmosphere and radioactive isotopes of the noble elements
xenon and argon.
Property [unit] Xe Ar
Atomic number 54 18
Mean atomic weight 131.3 40.0
Boiling point Tb at 1 atm [K] 165.0 87.3
Melting point Tm at 1 atm [K] 161.4 83.8
Gas density at 1 atm & 298 K [g/l] 5.40 1.63
Gas density at 1 atm & Tb [g/l] 9.99 5.77
Liquid density at Tb [g/cm3] 2.94 1.40
Volume ratio 526 795
Dielectric constant of liquid 1.95 1.51
Volume fraction in Earth’s atmosphere
[ppm]
0.09 9340
Radioactive isotopes 136Xe,
T1/2 = 2.16× 1021 yr
39Ar, T1/2 = 269 yris slightly larger than the ionization potential or the gap energy be-
cause it includes multiple ionization processes. Scintillation from
noble liquids arises from excited atoms R∗ and from ions R+, both
being produced by ionizing radiation (see [33,34] and references
therein):
1.
R∗ + R+ R→ R∗2 + R
R∗2 → 2R+ hν
2.
R+ + R→ 2R+2
R+2 + e− → R∗∗ + R
R∗∗ → R∗ + heat
R∗ + R+ R→ R∗2 + R
R∗2 → 2R+ hν
where hν denotes the emitted vacuum-ultraviolet (VUV) photons
with wavelength of 178 and 128 nm for LXe and LAr, respectively.
R∗∗ → R∗+ heat corresponds to a non-radiative transition. In
both processes, the excited dimer R∗2, at its lowest excited level,
is de-excited to the dissociative ground state by the emission of a
single UV photon. This comes from the large energy gap between
the lowest excitation and the ground level, forbidding other decay
channels such as non-radiative transitions. The scintillation light
from pure liquid argon and xenon has two decay components due
to de-excitation of singlet and triplet states of the excited dimer
R∗2 → 2R + hν. The shorter decay shape is produced by the de-
excitation of singlet states and the longer one by the de-excitation
of triplet states. The differences of pulse shape between different
types of particle interactions can be used to discriminate electronic
from nuclear recoils, using the pulse shape discrimination (PSD)
technique. It is particularly effective for liquid argon, given the
large separation in time of the two decay components [41,42].
In a given detection medium, the deposited energy for elec-
tronic and nuclear recoils can be expressed as (see [43] and ref-
erences therein):
Eer = w

nγ + ne−

(2)
Enr = w

nγ + ne−
 1
L
(3)
where w is the average energy required for the production of a
single photon or an electron, nγ and ne− are the number of pro-
duced photons and electrons, respectively, and L is the so-calledLindhard-factor. It quantifies the quenching of the observed signal
for nuclear recoils, compared to the one for electronic recoils of
the same energy. The w-value is ∼14 and ∼24 eV in LXe and LAr,
respectively. The connection to actual signals observed in a dark
matter detector, namely the prompt (S1) and proportional (S2)
scintillations (the latter only in the case of dual-phase time pro-
jection chambers), is the following:
nγ = S1
ϵ1
, ne− = S2
ϵ2
, (4)
where ϵ1 is the photon detection efficiency (in phe/γ ) and ϵ2 is
the average number of photoelectrons (phe) per extracted electron
into the vapour phase (in phe/e−), where 100% electron extraction
efficiency is assumed.
The average number of photoelectrons per extracted electron
can be measured in situ; it is for instance ∼20 phe/e− in the
XENON100 [44], and ∼25 phe/e− in the LUX [45] xenon detec-
tors. The photon detection efficiency is more difficult to deter-
mine directly, it is typically ∼0.10–0.15 phe/γ . Experiments thus
usually report the light yield Ly (in phe/keV) for electronic recoils
in a detector, which is measured at several energies using mono-
energetic electron and gamma lines from a variety of sources. It
includes the photon detection efficiency, geometrical effects and
the quantum efficiency of the light sensors. In the past, the ‘‘stan-
dard candle’’ was taken as the 122 keV gamma line of 57Co, most
recently it shifted to the lower energy, 9.4 keV or the 32.1 keV, lines
from 83mKr decays, for 83mKr can be used as an internal calibration
source in both argon and xenon detectors [46,47]. While for the
9.4 keV emission which follows the 31.2 keV line with a half-life of
154.4 ns, a time dependence of the scintillation signal is observed,
the 32.1 keV transition shows no time dependence, and can safely
be used as a ‘‘standard candle’’ [48]. The Noble Element Simula-
tion Technique (NEST) considers all existing measurements of the
light and charge yields for electronic and nuclear recoils (mostly in
xenon, but also in argon) and it is used to simulate a given process
in a single phase detector, or in a time projection chamber [49,50].
In dark matter detectors using noble liquids, the energy of the
nuclear recoil was traditionally established based on the observa-
tion of the primary scintillation signal alone. The scintillation light
yield of nuclear recoils is different from the one produced by elec-
tron recoils of the same energy and the ratio at zero drift field,
termed relative scintillation efficiency,Leff, is defined as follows:
Leff(Enr) = S1Ly ·
1
Enr
, (5)
where Ly is the light yield of electronic recoils at a given energy, as
mentioned above. At non-zero drift field, a correction factor Ser/Snr
must be applied, where Ser , Snr parametrize the suppression of the
electronic andnuclear recoil signals due to thepresence of the field.
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been measured down to 3 keV nuclear recoil energy (keVnr ) [51]
at zero drift field. Leff is ∼9%, for nuclear recoils of 3 keVnr and
∼14% at 15 keVnr . For higher energy nuclear recoils, the value is on
average ∼19%. These measurements agree with indirect methods
based on the data/MC comparison of nuclear recoil spectra in a
given detector [52], and with a recent, in situ measurement by
LUX, using a mono-energetic neutron beam and double-scatters
to tag nuclear recoils [53]. The quantities Ser and Snr depend on
the applied electric field, but seem to be independent of energy.
However more accurate, direct measurements are needed. In LAr,
Leff at zero field has beenmeasured down to 10 keVnr and 16 keVnr ,
respectively [54,55]. An average value of 25% and 29% above an
energy of 20 and 16 keVnr , is observed, with a turn up at lower
recoil energies. A field dependence of up to 32% of the scintillation
for nuclear recoils of energies between 10 and 50 keVnr has been
observed [56], which increases with decreasing energy. Recently
Leff in LAr was measured down to about 10 keVnr , and no turn up
at energies below 20 keVnr is seen [57].
Nuclear recoils generated by WIMPs and fast, MeV neutrons
have denser tracks, and thus greater electron–ion recombination
than electron recoils. The collection of ionization electrons thus
becomes more difficult for nuclear than for electron recoils. The
ionization yield Qy of nuclear recoils is defined as the number of
observed electrons per unit recoil energy (e−/keVnr ):
Qy(Enr) = S2
ϵ2
· 1
Enr
. (6)
In xenon, Qy was measured for the first time by [58], as a func-
tion of external electric field and recoil energy. An increase in
charge yield for low energy recoils was observed, explained by the
lower recombination rate expected by the drop in electronic stop-
ping power at low energies. This behaviour, although theoretically
not fully understood, allows the observation of Xe nuclear recoils
down to a few keVnr , improving the event rate and the sensitiv-
ity for WIMP detection. Indirect measurements, obtained from a
comparison of data and Monte Carlo simulations in a given detec-
tor down to 3 keVnr [52], agree with previous data [59] and with
the model by [60]. The ionization yield of nuclear recoils in LAr has
been first measured by [61,62] and recently by the SCENE collab-
oration [57,63]. It also shows significantly less yield than the one
from electronic recoils and an increase in the yield for lower recoil
energies. In addition, an increase in the charge yield is observed for
larger drift fields [57,63].
For electronic recoils, the light yield in LXewasmeasured down
to 1.5 keV recoils, with [48] and without [64] an applied drift
field. At zero field, a reduced scintillation yield is observed below
10 keV, dropping to ∼40% of its value at higher energies. With an
applied field of 450 V/cm, a reduction of the scintillation output
to about 75% relative to the value at zero field is observed. These
measurement are particularly relevant for axion and axion-like-
particle searches with liquid xenon detectors [65,66], as well as for
searches of other dark matter candidates that might interact with
electrons, and of neutrino–electron scattering [27].
4.1. The single and dual-phase detector technology
In single-phase liquid argon or xenon dark matter detectors,
the experimental strategy is to use the self-shielding of the liquid
in order to achieve an effectively background-free inner volume,
coupled to pulse shape discrimination in the case of argon. The
self-shielding works better for the gamma-, than for the neutron
background, given the differences in their mean free paths. The
position of an interaction can be reconstructed using the observed
light pattern in the photodetectors, which are usually mounted on
the inner detector surface. The position resolution will depend onthe size of the photodetectors, as well as on the overall light yield.
Themain advantage of these detectors is their simplicity compared
to time projection chambers. Since no electrons are drifted, the
need for a high-voltage and a cathode–anode-grid system falls
away. It goes at the cost of a large amount of expensive (in the case
of xenon, and of argon depleted in 39Ar) cryogenic liquid which is
used as shield.
A disadvantage, in particular for xenon detectors, rests in the
fact that less information per event becomes available. In liquid
xenon, there is no well-defined separation between electron and
nuclear recoils based on the pulse shape of events, since the mean
lifetime of the singlet and triplet states are not well separated in
time (3 ns versus 27 ns). These detectors thus rely on the absolute
suppression of both external and internal electronic recoil sources.
In LAr, the decay times of the singlet and triplet states differ by
two orders of magnitude, being τs = 7 ns and τt = 1.6 µ s, re-
spectively. The ratio between the emission intensities of the sin-
glet/triplet states depends on the deposited energy per unit path
length, dE/dx. It has been measured to be about 0.3 for gammas,
in the range of 1.3–3 for alphas and about 3 for argon ion recoils
[41,42,67]. The difference in the pulse shapes is employed to dis-
tinguish between electronic and nuclear recoils, where a discrimi-
nation power of∼106 has been achieved for nuclear recoil energies
above∼50 keV [42]. Because of the shorter wavelength of the scin-
tillation light in LAr (128 nm), the inner detector surfaces and the
PMT windows must be coated with a wavelength shifter, such as
for instance tetra phenyl butadiene (TPB), which shifts the wave-
length of the light to about 442 nm [68]. One must ensure an opti-
mal efficiency of thewavelength shifter, and its long-term stability
in time in a cold, LAr environment.
Two-phase detectors rely on the time projection chamber
technique. An interactionwithin the so-called active volume of the
detector will create ionization electrons and prompt scintillation
photons, and both signals are detected. The electrons drift in the
pure liquid under the influence of an external electric field, are then
accelerated by a stronger field and extracted into the vapour phase
above the liquid, where they generate proportional scintillation,
or electroluminescence. Two arrays of photosensors, one in the
liquid and one in the gas, detect the prompt scintillation (S1)
and the delayed, proportional scintillation signal (S2). The array
immersed in the liquid collects the majority of the prompt signal,
which is totally reflected at the liquid–gas interface. The ratio of
the two signals is different for nuclear recoils created by WIMP
or neutron interactions, and electronic recoils produced by β and
γ -rays, providing the basis for background discrimination. Since
electron diffusion in the ultra-pure liquid is small, the proportional
scintillation photons carry the x− y information of the interaction
site. With the z-information from the drift time measurement,
the TPC yields a three-dimensional event localization, enabling to
reject the majority of the background via fiducial volume cuts.
4.2. Current xenon experiments
The most stringent limits for spin-independent WIMP–nucleon
couplings to date come from the dual-phase LXe TPCs ZEPLIN-
III [69,70], XENON10 [71,72], XENON100 [73–75] and LUX [39],
where XENON100 and LUX are currently running experiments.
XENON100, a 161 kg LXe TPC, is operated in the interferometer
tunnel at LNGS in Italy. It employs two arrays of low-radioactivity,
UV-sensitive photomultipliers (PMTs) to detect the prompt and
proportional light signals induced by particles interacting in the
xenon volume, containing 62 kg of ultra-pure liquid xenon. The re-
maining 99 kg of LXe acts as an active veto shield against back-
ground events. The instrument is described in [74], the analysis
procedure is detailed in [76]. Using 13 months of data taken dur-
ing 2011 and 2012, with an exposure of 224.6 live days ×34 kg,
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WIMP–nucleon cross sections down to 2× 10−45 cm2 at a 55 GeV
WIMP mass [75]. New limits on WIMP–nucleon spin-dependent
couplings were also derived [77], yielding the world’s best sensi-
tivity on WIMP–neutron couplings. After a further distillation run
to reduce the Kr concentration to (0.95± 0.16) ppt of natKr in LXe
in the latest XENON100 run [38], a new dark matter run started in
2013, and lasted for 150 days. The blind analysis of this data is in
progress.
The Large Underground Xenon (LUX) experiment is a 370 kg
(250 kg) total (active) mass LXe TPC in a water Cherenkov shield
at the SanfordUnderground Research Facility (SURF) in Lead, South
Dakota, USA [78]. The TPC is 47 cm in diameter and 48 cm in height,
the S1 and S2 signals are detected via two arrays of 61 PMTs, one
in the liquid and one in the gas region. A first science run lasted
from April to August 2013, for 85.3 live-days. A non-blind analysis
was performed using a fiducial volume of 118 kg and a software
imposed energy threshold of 3 keVnr . The reached 90% upper C.L.
cross section for spin-independentWIMP–nucleon couplings has a
minimum of 7.6 × 10−46 cm2 at a WIMP mass of 33 GeV/c2, thus
confirming and improving upon the XENON100 results. LUX plans
to continue operations at SURF in 2014 and 2015, and to reach its
sensitivity goal with a blinded 300 live-day WIMP search [39].
The XMASS collaboration operates a large, single-phase LXe
detector with 835 kg in the sensitive region, at the Kamioka
Observatory in the Kamioka mine in Japan [79]. The inner detector
is equippedwith 642 hexagonal PMTs in an almost spherical shape,
contained in a copper vessel filled with LXe. The outer detector,
used as an active shield for cosmic muons, is a cylindrical water
tank, 10 m in height and 10 m in diameter, equipped with 70
20-inch PMTs. XMASS recently published a result for low-mass
WIMPs [80] as well as limits on inelasticWIMP-129Xe scatters [81].
The collaboration is currently operating a refurbished detector
with reduced background levels, with new results expected for
2014.
PandaX is a dual-phase xenon TPC at the Jinping laboratory
in Sichuan, China, operated in a conventional low-background
shield [82]. In its first stage, it plans to increase the fiducial mass
from 25 to 300 kg of xenon, with a total target mass of about
500 kg. The active xenon region is viewed by 150 1-inch R8520
PMTs on the top, and 40 3-inch R11410-10 PMTs on the bottom
array. PandaX completed two engineering runs in 2013, and is cur-
rently preparing the first physics run with 450 kg of xenon in the
system [83].
XENON1T, the next step of the XENON program, is a dual-
phase xenon TPC with total (active) mass of 3.3 t (∼2 t). The
active LXe volume will be viewed by 248 Hamamatsu R11410-21
3-inch PMTs, arranged in two arrays. The PMTs, with an average
quantum efficiency of 36% at 175 nm, were extensively tested for
their long-term stability in liquid xenon [84]. The underground
construction of XENON1T started in Hall B of LNGS in the fall of
2013, completion and commissioning are expected for early and
mid 2015, respectively. With an aimed background which is two
orders of magnitude below the one from XENON100, a sensitivity
to spin-independent cross sections of 2 × 10−47 cm2 is expected
after two years of continuous operation underground.
4.3. Current argon experiments
DarkSide-50 [85] is a dual-phase argon detector with 50 kg
(33 kg) active (fiducial) mass, viewed by 38 Hamamatsu R11065
3-inch PMTs. The TPC is surrounded by a 30 t borated-liquid scin-
tillator neutron veto and both detectors are deployed in the Borex-
ino Counting Test Facility (CTF), a 1 kton water Cherenkov shield
in Hall C of LNGS. The collaboration has recently presented first
results from a run with natural argon, demonstrating a light yieldof 8 phe/keV at 41.5 keV and zero field, and an electron-lifetime
>5 ms for a maximum drift time of 370 µs. A background free ex-
posure of 280 kg day allowed to prove the efficiency of the PSD,
predicting no background in 2.6 y of a run with argon depleted
in the radioactive isotope 39Ar. The projected sensitivity using
the measured PSD performance, an energy threshold of 35 keVnr
and a data taking period of 3 years is ∼10−45 cm2 for a 100 GeV
WIMP [86].
TheArDMexperiment operates a ton-scale dual-phase Ar TPC at
the Canfrac Underground Laboratory in Spain [87]. The active de-
tector volume, containing 850 kg of LAr, is viewed by two arrays of
12 8-inch PMTs arranged in a honeycomb pattern. TPB is deposited
on the PMT windows and on a Tetratex reflector installed on the
field shaping rings. The detector and its infrastructure were in-
stalled underground successfully, and first data acquired with the
detector filled with pure Ar gas at room temperature has allowed
the assessment of the light detection system’s performance [88].
Commissioning with liquid argon is expected by the mid of 2014,
and first results are expected by 2015.
The MiniCLEAN [89] and DEAP-3600 [90] experiments are
single-phase LAr detectors operated at SNOLab in Sudbury, Canada.
MiniCLEAN will operate 500 kg of LAr in an inner stainless steel
vessel of about 64-inch in diameter, contained in a vacuum cryo-
stat. The assembly is located inside a large water shield operated
as muon veto. The liquid argon is viewed by 92 optical modules,
containing each one 8-inch Hamamatsu R5912-02Mod PMT, cou-
pled to a light guide and an acrylic plug at the end. The plug front
surfaces, coated with TPB, form the 92-sided sphere that contains
the cryogenic volume. The MiniCLEAN detector is nearing comple-
tion underground, cooling with cold gas and liquidation of argon
are scheduled to start in summer 2014 [89]. The DEAP-3600 detec-
tor will operate 3600 kg LAr (with 1000 kg fiducial mass), in a large
acrylic vessel with an inner radius of 85 cm. The LAr is viewed by
255 8-inch PMTs through 50 cm light guides. These provide ther-
mal insulation between the cryogenic acrylic vessel and the PMTs,
as well as a shield against neutrons. The inner detector is housed in
a spherical stainless steel vessel immersed in an 8 m diameter wa-
ter tank [90]. The detector is under construction at SNOLab and first
results are expected within one year. The sensitivity aim with ar-
gon depleted in 39Ar is<1×10−46 cm2 at aWIMPmass of 100 GeV.
4.4. Future projects and complementarity
Existing results and projected sensitivities for the spin-
independent WIMP–nucleon interactions as a function of the
WIMP mass are summarized in Fig. 3, adapted from [91]. In spite
of observed anomalies in a handful of experiments, that could be
interpreted as due to WIMPs, albeit not consistently, we have no
convincing evidence of a direct detection signal induced by galac-
tic dark matter. Considering LUX’s lack of a signal in 85.3 live-
days × 118 kg of liquid xenon target, excluding ∼33 GeV WIMPs
with interaction strengths above 7.6×10−46 cm2, it becomes clear
that, at the minimum, ton-scale experiments are required for a
discovery above the 5-sigma confidence level (unless the WIMP
is lighter than ∼10 GeV, where larger cross sections are feasible).
Several large-scale direct detection experiments are in their plan-
ning phase and will start science runs within this decade.
The next phase in the LUX program, LUX-ZEPLIN (LZ), foresees a
7 t LXe detector in the same SURF infrastructure, with an additional
scintillator veto to suppress the neutron background. Construction
is expected to start in 2014, and operation in 2016, with the goal of
reaching a sensitivity of 2 × 10−48 cm2 after three years of data
taking [92]. The upgrade of XENON1T, XENONnT, is to increase
the sensitivity by another order of magnitude, thus also reaching
2 × 10−48 cm2. While much of the XENON1T infrastructure will
be reused, the inner detector will be designed and constructed
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limits from the noble gas dark matter experiments ZEPLIN-III [69], XENON10 [71],
XENON100 [75], and LUX [39], along with projections for DarkSide-50 [85],
LUX [39], DEAP3600 [90], XENON1T, DarkSide G2, XENONnT (similar sensitivity as
the LZ project [92], see text) and DARWIN [93] are shown. DARWIN is designed to
probe the entire parameter region for WIMP masses above ∼6 GeV/c2 , until the
neutrino background (yellow region) will start to dominate the recoil spectrum.
Experiments based on the mK cryogenic technique such as SuperCDMS [94]
and EURECA [95] have access to lower WIMP masses. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version
of this article.)
Source: Figure adapted from [91].
once XENON1T is taking science data, with planned operation
between 2018 and 2021. The XMASS collaboration plans a 5 t (1 t
fiducial) single-phase detector after its current phase, with greatly
reduced backgrounds and an aimed sensitivity of ∼10−46 cm2. In
its second stage, PandaX will operate a total of 1.5 t LXe as WIMP
target, with ∼1 t xenon in the fiducial volume. All sub-systems
of the existing experiment, with the exception of the central TPC,
are designed to accommodate the larger target mass [83]. The
DarkSide collaboration plans a 5 t LAr dual-phase detector, with
3.3 t as active target mass, in the existing neutron and muon veto
at LNGS. The aimed sensitivity is 10−47 cm2 [96].
DARk matter WImp search with Noble liquids (DARWIN) is an
initiative to build an ultimate, multi-ton dark matter detector at
LNGS [97,93]. Its primary goal is to probe the spin-independent
WIMP–nucleon cross section down to the 10−49 cm2 region for
∼50 GeV/c2 WIMPs, as shown in Fig. 3. It would thus explore the
experimentally accessible parameter space, which will be finally
limited by irreducible neutrino backgrounds. Should WIMPs bediscovered by an existing or near-future experiment, DARWINwill
measureWIMP-induced nuclear recoil spectrawith high-statistics,
constraining the mass and the scattering cross section of the dark
matter particle [98,99]. Other physics goals of DARWIN are the first
real-time detection of solar pp-neutrinos with high statistics and
the search for the neutrinoless double beta decay [27]. The latter
would establish whether the neutrino is its own anti-particle, and
can be detected via 136Xe, which has a natural abundance of 8.9%
in xenon.
As soon as direct evidence for a dark matter signal has been
established with so-called discovery experiments, the efforts will
shift towards measuring the mass and cross section of the dark
matter particle. This information is complementary to the one pro-
vided by indirect detection experiments such as IceCube, AMS and
CTA, and by dark matter searches with ATLAS and CMS at the LHC.
Fig. 4 (left) displays the capability of a large LXe/LAr detector to re-
construct theWIMPmass and cross section for various masses and
a hypothetical WIMP–nucleon cross section of 3× 10−46 cm2 [99].
Exposures of 10 t × yr and 20 t × yr using a LXe target only, as
well as a combined exposure of 10 t ×yr LXe and of 20 t×yr LAr,
were assumed. The right side of the same figure shows the re-
constructed mass and cross sections for a 100 GeV/c2 WIMP, and
several cross sections, using the combined exposure of 10 t × yr
xenon and 20 t × yr argon. The study assumes nuclear recoil en-
ergy thresholds of 6.6 keVnr and 20 keVnr in xenon and argon,
respectively. The uncertainties on the dark matter halo parame-
ters ρ0 = (0.3 ± 0.1) GeV/cm2, v0 = (220 ± 20) km/s and
vesc = (544± 40) km/s are taken into account.
5. Summary and outlook
Dark matter detectors based on liquefied noble gases have
matured into a robust technology for detecting the minuscule
energy deposited into a medium when a WIMP scatters off an
atomic nucleus in the target. They have demonstrated the low-
est backgrounds reached up to now in any direct detection ex-
periment, and their scale up to large, homogeneous target masses
is rather straightforward. While detectors currently in operation
have reached background levels as low as a few events/(keV t d)
in the dark matter region of interest, before discrimination of elec-
tronic and nuclear recoils, detectors under commissioning and/or
construction will improve these absolute backgrounds by a few
orders of magnitude, until the irreducible neutrino background
will start to dominate the recoil spectra. These ton- and multi-tonFig. 4. The 1-σ and 2-σ credible regions of the marginal posterior probabilities for simulations of WIMPs of various masses and cross sections demonstrate how well the
WIMP parameters can be reconstructed for different exposures of a LXe or LAr detector. The ‘+’ indicates the simulated model. (Left) Exposures of 10 t× yr xenon (green),
20 t× yr LXe (red), and 10 t× yr LXe plus 20 t×Ar (blue). (Right) 10 t× yr LXe plus 20 t× yr LAr exposure for cross sections of 3× 10−46cm2 (green), 3× 10−47cm2 (red)
and 3× 10−48cm2 (blue) (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
Source: Figure from [99].
L. Baudis / Physics of the Dark Universe 4 (2014) 50–59 57Fig. 5. Existing upper limits on spin-independent WIMP–nucleon cross sections (for WIMP masses around 50–100 GeV) from various direct detection techniques (filled
circles), along with projections for the future (open squares), as a function time.
Source: Figure updated from [100].scale noble liquid detectors should reach sensitivities that will al-
low them to probe the entire experimentally accessible region for
WIMP masses above ∼6 GeV. Fig. 5 shows the evolution of upper
limits on the spin-independent cross section as a function of time,
together with latest projections for the future.
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